biosynthesis of STL but also for a wide range of BS applications. We thus focused our attention on the structure of the main component, STL-1, produced by the bacterial strain.
In this study, we describe for the first time the complete structure of STL-1 based on NMR, MALDI-TOF/MS and GC-MS analyses. We also examined the surface-active properties of the bacterial glycolipid.
EXPERIMENTAL

1
All reagents and solvents were commercially available and were used as received. Rhodococcus sp. SD-74 isolated as a STL producer 10) was exclusively used in this study. Stock culture were cultivated for 3 days at 30 on a PMY agar medium containing 1% (wt/v) glycerol, 0.5% polypeptone, 0.3% yeast extract, 0.3% malt extract, 0.1% KH 2 PO 4 , 0.1% K 2 HPO 4 , and 1.5% agar.
2
Seed cultures were prepared by inoculating cells grown on plates into 500-mL Erlenmeyer flasks with a growth medium (50 ml), followed by incubation at 30 for 2 days on a rotary shaker. The growth medium contained 2% (w/v) fructose, 0.5% polypeptone, 0.5% yeast extract, 0.1% NaNO 3 , 0.1% KH 2 PO 4 0.1% MgSO 4 7H 2 O and distilled water. Seed cultures were transferred into 500-ml Erlenmeyer flasks containing a fermentation medium (30 ml). The flasks were shaken at 30 for 5 days on the rotary shaker (220 rpm). The PMY medium containing 10% (v/v) n-hexadecane was used as the fermentation medium.
3
Culture broths were centrifuged at 2000 g for 5 min. Since the residual n-hexadecane and cells came to the surface, the aqueous layer was carefully collected and acidified with 6N HCl to pH 3.0. The produced STLs were precipitated as a voluminous gel mass. After removal of the supernatant by centrifugation, the STLs were extracted with ethyl acetate. The extracts were analyzed by TLC on silica plates with chloroform/methanol/acetic acid/water (65:15:2:2, by vol.). The compounds on the plates were located by charring at 110 for 5 min after spraying an anthrone/sulfuric acid reagent as reported previously 10) . The extracts were concentrated under reduced pressure and dissolved in chloroform/methanol (1:1, v/v) and then purified by silica-gel (Wako-gel C-200) column chromatography using a gradient elution of chloroform/methanol (10:0 7:3, v/v) mixtures as solvent systems.
4
Structure determination of the purified STL dissolved in The molecular weight of the purified STL was measured by matrix-assisted laser desorption/ionization time-offlight mass spectrometry (MALDI-TOF/MS). The fatty acid profiles of the STL were examined by gas chromatography-mass spectrometry (GC-MS) as follows 11) . The methyl ester derivatives of fatty acids were prepared by mixing the above purified STL (10 mg) with 5% HClmethanol regent (1 mL) (Wako, Tokyo, Japan) at 80 for 3 hours. After the reaction was quenched with water (1 mL), the methyl ester derivatives were extracted with n-hexane and then analyzed by GC-MS (TC-WAX, GL-Science, Tokyo) with the temperature gradient programmed from 90 (held for 3 min) 240 at 5 /min.
5
The surface tension of the purified STL was determined by the Whilhelmy method at 25 , which was performed using the apparatus consisting of a Wilhelmy-type automatic tensionmeter (CBVP-A3, Kyowa Interface Science Co., Ltd., Japan).
RESULTS AND DISCUSSION
1
1 Uchida et al. previously demonstrated that R. sp. SD-74 grown on n-hexadecane mainly produces two glycolipids, namely STL-1 and STL-2 6, 10) . On TLC, the ethyl acetate extracts gave three spots of glycolipids ( ). The R f values of the lower two spots well corresponded to those of STL-1 and STL-2 (data not shown).
STL-1 and STL-2 was also reported to be "di-succinylated" trehalose lipid and "mono-succinylated" trehalose lipid, respectively. However, the position of succinoyl and alkanoyl residues has not yet been determined. We thus targeted STL-1 as the main product, and undertook the detailed structural characterization.
The isolation and purification of STL-1 was carried out on silica gel column chromatography with a careful gradient elution. The purified STL-1 gave a single spot of glycolipid on TLC (
). The molecular weight of the major constituent of the purified STL-1 was 1042.2 as determined by the main peak ([M+Na] + ) of MALDI-TOF/MS analysis. This clearly indicates that the major constituent is trehalose lipid having two succinoyl and hexadecanoyl residues as previously reported 10) . We further investigated the fatty acid profile of the purified STL-1 by the GC-MS method (
). The major fatty acid of the STL-1 was found to be C 16 , and the contents of each acid were 63.5 % for C 16 , 26.6 % for C 14 , and 9.9 % for C 12 , respectively. The observed fatty acid profile supported the result of MS analysis. Lang and Phils described that n-alkanes used as the carbon source are directly incorporated into trehalose via terminal oxidation to provide STL or trehalose lipid (TL) on Rhodococcus bacteria 5) . Thus, the resulting glycolipid mainly consists of the fatty acids having the same chainlength as that of n-alkane employed. On the other hand, Kitamoto et al. reported that some of fatty acids in glycolipid BS are b-oxidation intermediates of the added carbon source such as n-alkane or vegetable oil 2) . Taking these studies into consideration, the main fatty acids (C 16 ) of the present STL-1 are very likely to be derived from n-hexadecane. The other acids (C 12 and C 14 ) may be b-oxidation intermediates of n-hexadecanoic acid or de nove synthesized ones via acetyl-CoA. Nevertheless, detailed genetic and biochemical characterizations should be done to shed light on the biosynthetic pathway of the present STL.
In order to determine the position of succinoyl and alkanoyl residues, we then carried out detailed NMR studies such as 1 H, 13 C, 1 H-1 H COSY, HMQC, and HMBC analysis. 1 H NMR spectrum of the purified STL-1 showed a similar peak pattern to that of known trehalose tetraester 12) ( ). The four resonances arising from the H-2, H-3, H-4, and H-2´ were detected at around 4.5-5.5 ppm, which shifted to a lower field by esterification of hydroxyl groups, respectively. In addition, there were two peaks at 2.08-2.32 ppm (-CH 2 CO-) derived from fatty acyl groups and large broad peaks at 2.40-2.70 ppm (-CH 2 CO-) derived from succinoyl groups.
Furthermore, the positions of esterified carbons of the STL-1 were determined by HMBC spectroscopy ( ). 13 
Fig. 1 TLC Patterns of Glycolipids Produced by
Rhodococcus sp. SD-74. Glycolipids were extracted from the culture medium using ethyl acetate, and the organic layer was spotted on a TLC plate Lane 1. The glycolipids were purified by silica-gel column chromatography and the isolated fraction was spotted on a TLC Lane 2. ). Therefore, the carbonyl carbon in the succinoyl group was assigned to position at C-2 position. Similarly, the carbonyl carbon at 172.6 ppm, which correlated with H-2´ at 4.59 ppm (data not shown) and succinoyl protons at around 2.6 ppm, was assigned as the succinoyl group esterified at C-2´position. Meanwhile, the resonances at 172.2 and 172.7 ppm were assigned as the carbonyl carbons in fatty acyl groups esterified at C-4 and C-3 positions, because they correlated with H-4 at 4.99 ppm, H-3 at 5.39 ppm (data not shown), and the protons at 2.08-2.32 ppm (-CH 2 CO-) and 1.40-1.52 ppm (-CH 2 CH 2 CO-) derived from fatty acyl groups, respectively. summarizes the chemical shifts of the STL-1. These NMR studies clearly indicated that two succinoyl groups are esterified at C-2 and C-2´positions, while two fatty acyl groups are esterified at C-3 and C-4 positions. Accordingly, the present STL-1 was identified as 3,
). Here we determined for the first time the complete structure of STL-1 produced by R. sp. SD-74: this would greatly serve to clarify the structure-function relationship of STLs and facilitate a broad range of applications for them. M and 19.0 mN/m, respectively. This means that STL-1 gave an excellent surface-activity at remarkably low concentrations. Moreover, the CMC and g CMC values for NaSTL-1 were 7.7 10 -6 M and 23.7 mN/m, respectively. The slight difference in surface activity between STL-1 and NaSTL-1 was resulting from hydrogen bonding network of hydrophilic groups. The observed high activity of STL-1 compared to other biosurfactans 2) was probably due to the unique molecular structure resulting from its multiple functional groups including succinic acids and two long fatty acids. Many types of sugar-based surfactants like sucrose or sorbitan esters are widely used as emulsifiers, dispersants, or solubilizers 13) . To our best knowledge, STL-1 shows the lowest g CMC among the sugar-based surfac- 7) . Based on their analyses, the sodium salt possessed 1.42 succinoyl and 1.5 tetradecyl residues in the trehalose moiety. Thus, the structural difference between the present and previous STL samples should cause the drastic difference in surface activity.
As mentioned, the structural variety of BS is still limited, and different types of BS such as bolaform, Gemini, single tail, and double tails ones have been needed to align. The present STL consists of two long-chain fatty acids and two succinic acids, indicating that it would be a new type of double chain surfactants. It should be expected to show unique interfacial properties due to the multiple functional groups, where the self-assembling manner can be controlled by pH of the aqueous solution.
CONCLUSIONS
In this study, we determined for the first time the complete structure of STL-1 produced by R. sp. SD-74 based on NMR, MALDI-TOF/MS and GC-MS analyses. The present STL-1 was found to be identified as 3,4-di-O-alkanoyl-2-O-succinoyl-a-D-glucopy ranosyl-2´-O-succinoyl-a-D-glucopyranoside. The major fatty acid of STL-1 was C 16 , and the contents of each fatty acid were 63.5% for C16, 26.6% for C14, and 9.9% for C12, respectively. We also investigated its surface active properties using surface tension measurements at 25 . The estimated CMC and g CMC values for STL-1 were 5.6 10 -6 M and 19.0 mN/m, and those for sodium salt (NaSTL-1) were 7.7 10 -6 M and 23.7 mN/m, respectively.
There results clearly demonstrated that STL-1 as well as the sodium salt (NaSTL-1) exhibit an excellent surfaceactivity at remarkably low concentrations. The present glycolipid BS is expected to show a variety of functions reflecting its unique structure, and should have great potential as highly environmentally friendly surfactants.
